Biarylethers, comprising dibenzo-p-dioxin (DD), dibenzofuran (DBF), diphenyl ether, and their halogenated derivatives, are widespread environmental pollutants. Polychlorinated DDs and DBFs, the contaminating by-products formed during the manufacture of pesticides or the incineration of industrial and domestic wastes, can cause a wide range of serious health effects (1, 4, 13) .
Microorganisms play important roles in the degradation and mineralization of xenobiotic and aromatic compounds in natural environments. Their aerobic degradation is frequently initiated by Rieske nonheme iron oxygenases which catalyze the incorporation of two oxygen atoms into the aromatic ring to form arene cis-diols (15) . This is then followed by a dehydrogenation reaction catalyzed by a cis-dihydrodiol dehydrogenase to give catechol or substituted catechols, which serve as substrates for oxygenolytic aromatic ring cleavage. Rieske nonheme iron oxygenases are typically composed of a terminal oxygenase (iron-sulfur protein) and different electron transport proteins (8) . The catalytic iron-sulfur proteins are homoor heteromultimers with the ␣-subunit containing a Riesketype [2Fe-2S] cluster, a mononuclear nonheme iron oxygen activation center, and a substrate-binding site (8) that is responsible for substrate specificity (15) . Comparison of the amino acid sequences of the ␣-subunits has revealed that they form a family of diverse but evolutionarily related sequences. Distinct major lineages have been identified (15) , and although none of the enzymes are completely specific, a broad correlation between the grouping in toluene/biphenyl, naphthalene, benzoate, or phthalate subfamilies and their native substrates has been observed.
Naphthalene-or biphenyl-degrading Pseudomonas or Sphingomonas strains transform DBF, DD, and chlorinated derivatives into dead-end products (9, 30, 31) . These substrates are attacked at the lateral 1,2-and 2,3-positions to give dihydrodiols, which are subsequently dehydrogenated to dihydroxy compounds and in some cases undergo ring cleavage in a manner that is analogous to biphenyl or naphthalene transformation. While such lateral dioxygenation is appropriate to initiate degradation of biphenyl and naphthalene, various authors have shown that it is inappropriate for the degradation of biarylethers (5, 45) . It was thus argued that cleavage of the ether bridge is critical for the degradation of biarylethers (12) , and analysis of Sphingomonas wittichii RW1 indicated that DBF degradation proceeds via initial dioxygenation at the ether bond-carrying carbon (the angular position) and an adjacent carbon atom (angular dioxygenation), resulting in the formation of a highly unstable hemiacetal, which after spontaneous cleavage and rearomatization gives rise to 2,2Ј,3-trihydroxybiphenyl (THB) (7) . THB is subject to meta cleavage and subsequent hydrolysis to give salicylate, analogous to the trans-formation of 2,3-dihydroxybiphenyl (DHB) to benzoate by biphenyl-degrading bacteria. Angular dioxygenation was also shown to be the initial basic step in the degradation of other biarylether compounds (11) .
To date, a large number of bacterial strains capable of degrading biarylethers have been isolated and characterized. Phylogenetically, almost all of these belong to the phyla Proteobacteria and Actinobacteria (predominantly Janibacter strains) (23, 37, 60) , and in all strains so far analyzed, degradation of DBF is initiated by angular dioxygenation. Interestingly, like the ␣-subunit of dioxin dioxygenase from S. wittichii RW1, the DbfA1 ␣-subunit of DBF dioxygenases from Terrabacter sp. strain DBF63 (28) and Paenibacillus sp. strain YK5 (24) , as well as the DfdA1 DBF dioxygenase from Terrabacter sp. strain YK3 (22) and carbazole 1,9a-dioxygenase from Pseudomonas resinovorans strain CA10 (42) , all represent novel branches in the phylogeny of ␣-subunits of Rieske nonheme iron oxygenases.
In contrast to the immense amount of information available for transformation of polychlorinated biphenyl congeners by biphenyl dioxygenases, information on the substrate range of angular dioxygenases regarding the transformation of chlorinated substrates remains scarce. S. wittichii RW1 is capable of transforming several mono-and dichlorinated DDs and DBFs (55), whereas highly chlorinated congeners are rather recalcitrant. Currently, all strains harboring angular dioxygenases share the capability of transforming 2-chlorodibenzofuran (2CDBF) and 2-chlorodibenzo-p-dioxin (14, 16, 55) , although differences are observed both in the regioselectivity of attack and substrate specificity. Additionally, Sphingomonas sp. strain HH69, S. wittichii RW1, and Sphingomonas sp. strain RW16 are capable of transforming 3-chlorodibenzofuran (3CDBF) (19, 55, 58) ; however, such a transformation by angular dioxygenases of gram-positive bacteria has yet to be described. In this study, we identify two angular dioxygenases in Rhodococcus sp. strain HA01 and characterize their regioselectivity of attack on chlorinated DBFs and substrate specificity.
MATERIALS AND METHODS
Bacterial strains and isolates and culture conditions. Escherichia coli cells were cultured in LB medium at 37°C containing the appropriate selection markers, and Rhodococcus sp. strain ATCC 12674 was cultured in GYM Streptomyces medium (4 g glucose, 4 g yeast extract, and 10 g malt extract per liter) at 30°C. Rhodococcus sp. strain HA01 was cultured at 30°C in mineral medium supplemented with the appropriate carbon sources at concentrations of 2 mM. DBF was added from a 100 mM filter-sterilized stock solution in dimethyl sulfoxide (DMSO), and incubation was performed in sealed, screw-capped Erlenmeyer flasks to avoid evaporation. Growth was monitored by measuring turbidity (A 600 ).
DBF-degrading bacteria were isolated from soil samples collected in areas surrounding chemical-, insecticide-, and pesticide-producing factories in Kafr El Ziat, Egypt. Soil (1 g) was incubated in a 1-liter Erlenmeyer flask containing 100 ml of mineral medium (10) with DBF (2 mM) as the sole carbon and energy source. Following 1 month of cultivation at 30°C, 10% of the culture was transferred to fresh medium and cultured for a further month. Dilutions of the culture were spread onto minimal medium agar plates supplemented with DBF as crystals in the lid of the agar plates and incubated for 7 days after which colonies were sprayed with filter-sterilized DHB (10 mM). Yellow colonies due to extradiol cleavage of DHB were purified on minimal medium agar plates with DBF as the sole carbon source. One predominant colony morphotype, which grew rapidly at 30°C and exhibited a slightly red color, was selected for further studies.
Bacteria, vectors, media, and culture conditions. Most chemicals used in this study were obtained from Sigma and Aldrich and were of the highest grade available. DHB was obtained from Wako Chemicals GmbH. THB and 2,2Ј,3-trihydroxybiphenyl ether (THBE) were available from previous syntheses (2). 3CDBF was kindly provided by Stefan Schmidt, Biocenter Klein Flottbek, University of Hamburg. 2CDBF was obtained from the Sigma-Aldrich library of rare chemicals, and DD was from Promochem GmbH. Restriction enzymes and reagents for molecular experiments were purchased from New England Biolabs, Boehringer Mannheim, Promega, Qiagen, Q-Biogene, United States Biochemicals, and Sigma. Bacterial strains and plasmids used in this study are listed in Table 1 .
Transformation of substrates. To quantify growth rate and substrate uptake, Rhodococcus sp. strain HA01 was grown as described above. Harvested cells were inoculated (A 600 of 0.1) into 10-ml glass tubes containing 2 ml mineral medium and DBF as the sole carbon source. To estimate the number of CFU, aliquots were serially diluted onto solid LB medium and incubated for 48 h. To measure substrate depletion, 1 ml of culture was supplemented with 8 ml methanol for extraction of residual DBF from cell walls and to achieve complete dissolution. Samples were centrifuged, and the supernatant was analyzed by reverse-phase high-performance liquid chromatography (HPLC). Noninoculated tubes and tubes without substrate (with DMSO only) served as controls.
To quantify the transformation rates and identify the metabolites, Rhodococcus sp. strain HA01 was grown in minimal medium with DBF (2 mM) or fructose (2 mM) as the sole carbon sources as described above, whereas Rhodococcus sp. strain ATCC 12674 derivatives were grown in GYM Streptomyces medium supplemented with kanamycin (100 g ml
Ϫ1
). E. coli JM109 derivatives were cultured in LB medium supplemented with the appropriate antibiotic. If necessary, isopropyl-thio-␤-D-galactopyranoside (IPTG) (0.5 mM) was added when cultures reached an A 600 of 0.6. Cells were harvested during late exponential growth by centrifugation, washed twice with 50 mM phosphate buffer (pH 7.4), and resuspended to an A 600 of 5 to 20. Cells were harvested as described above for Rhodococcus sp. strain HA01 when the culture reached an A 600 of 1.
Harvested cells were incubated with DBF, DD, 2CDBF, or 3CDBF supplied at a concentration of 0.2 to 2 mM in aliquots of 1 ml in 10-ml reagent tubes closed with Teflon-coated screw caps and incubated at 30°C on an overhead shaker. In the case of transformation by E. coli JM109(pDBF12), transformation mixtures were supplemented with glucose (10 mM). At appropriate time intervals, tubes were analyzed for residual substrate as described above. For quantification of transformation products, cell-free supernatants were directly analyzed by HPLC. Rates were calculated by quantifying substrate depletion or product accumulation, in case authentic standards were available. Product formation rate from 2CDBF by E. coli JM109(pDBF12) was calculated assuming that the product exhibited absorption characteristics similar to those of THB.
Specific activities are expressed as micromoles of substrate depleted or product formed per minute and gram of cell weight (dry weight) (U/g [dry weight]). Dry weight was determined for exponentially growing cells, and it was calculated that a turbidity of A 600 of 1 corresponds to 0.208 Ϯ 0.010 g/liter of Rhodococcus sp. strain HA01, 0.214 Ϯ 0.011 g/liter of Rhodococcus sp. strain ATCC 12674, and 0.295 Ϯ 0.015 g (dry weight) per liter of E. coli.
To inactivate extradiol dioxygenases and thus accumulate and identify ring cleavage intermediates during transformation of biarylethers, resting cells of Rhodococcus sp. strain HA01 were incubated with the respective substrates as described above in the presence of 3-chlorocatechol (0.1 mM) (56) .
To characterize the product formed after transformation of 3CDBF by resting cells, the reaction mixture was supplemented with an aliquot of cell extract of E. coli BL21(DE3)(pT7-5RW) overexpressing DbfB, a 2,2Ј,3-trihydroxybiphenyl dioxygenase from S. wittichii RW1 (50 mU/ml [activity determined with DHB]) (18) .
Preparation of cell extracts. Cell extracts were prepared as previously described (39) . Protein concentrations were determined by the Bradford method (6). Supernatant fluids were subjected to sodium dodecyl sulfate-12.5% polyacrylamide gel electrophoresis (35) , and gels were stained in 1% (wt/vol) Coomassie brilliant blue G-250 (47) . Dilutions were designed so that the amount of protein loaded ranged from 1 to 30 g. PageRuler unstained protein ladder (Fermentas) was used to evaluate the molecular weights of the denatured protein subunits.
Analytical methods. Depletion of biarylethers was monitored by HPLC analysis as previously described (59) using an aqueous solvent system (flow rate, 1 ml/min) containing 0.01% (vol/vol) H 3 PO 4 (87%) and 80% (vol/vol) methanol. Product accumulation was quantified using 60% (vol/vol) methanol. HPLC-mass spectrometry (HPLC-MS) was performed as previously described (59) . The one-dimensional 1 H nuclear magnetic resonance (NMR) spectra were recorded as previously described (59) . For respective transformation experiments, the substrates were added from a 100 mM stock solution in deuterated DMSO in order to avoid interference from protonated DMSO-derived signals.
DNA isolation. Genomic DNA of Rhodococcus sp. was extracted with the FastDNA spin kit for soil (Q-Biogene). DNA from recombinant E. coli strains was obtained by dissolving colonies in 50 l water followed by boiling for 10 min (27) . Supernatant obtained after centrifugation was used as template for PCRs.
PCR amplification of 16S rRNA genes. The phylogenetic relationship of the isolate was derived using the nearly complete sequence of the 16S rRNA genes (corresponding to positions 15 to 1480 in the Escherichia coli numbering system) determined using primers and conditions described by Lane (36) .
PCR amplification of Rieske nonheme iron oxygenase encoding genes. Part of the dfdA1 gene of Rhodococcus sp. strain HA01 was amplified with RieskeF and RieskeR primers (28) . A 2.5-kb fragment was obtained by PCR with the DfdDOF1 forward primer (5Ј-AGGTCTGCCGCGCCGACTGG-3Ј) designed based on the obtained sequence and the DfdDOR1 reverse primer (5Ј-GAYA GMGGBGGKCGYTSRTASGG-3Ј) designed based on conserved amino acid sequences of ferredoxin reductases of strain RW1, Rhodococcus sp. strain M5, Rhodococcus erythropolis TA421, and Rhodococcus globerulus P6. Specific forward and reverse primers (DfdDOF2 [5Ј-TCCACGACAGCTCGGTCCTGC-3Ј] and DfdDOR2 [5Ј-CCGGTGCGCAAGTTGAACTTA-3Ј], respectively) annealing at the borders of the obtained sequence were designed in order to better resolve the inner sequence, and additional primers were successively designed to obtain the complete sequence of the fragment on both strands. Amplification of the complete dfdA1A2A3A4 gene cluster of Rhodococcus sp. strain HA01 (4.4 kb) was achieved using primers DfdF546 (5Ј-GGGGGGATATTTGGCCTCAC CC-3Ј) and DfdR4900 (5Ј-TGCGGGTGGACCGGGCGACG-3Ј). Several oligonucleotides were designed to perform the primer walking and sequence assemblage.
To localize dbfA genes, primers Dxn1F (5Ј-TGYASNTAYCAYGGVTGG-3Ј) and Dxn2R (5Ј-TGYASNTAYCAYGGVTGG-3Ј) were designed to detect and amplify a 700-bp fragment encoding the ␣-subunit of the dioxin dioxygenase of S. wittichii RW1 and were modified with degenerate positions to integrate the codon usage of the relatively scarce amino acid sequence stretches this sequence has in common with its closest relatives Rhodococcus sp. strain M5 bpdC1, Rhodococcus erythropolis TA421 bphA, and Rhodococcus globerulus P6 bphA. Amplification and sequencing primers were designed based on the angular dioxygenase encoding gene region from Terrabacter sp. strain DBF63.
The PCR products were cleaned using the Qiaquick PCR cleaning kit (Qiagen) and cloned in the pGEM-T system (Promega), and the ligation products were transformed in E. coli JM109 competent cells (Promega).
DNA sequencing and homology research. Purified PCR products were sequenced using an ABI PRISM BigDye terminator v1.1 ready reaction cycle sequencing kit (Applied Biosystems) and an ABI PRISM 3100 genetic analyzer (Applied Biosystems). Primers used for sequencing reactions were the same as those used in the original PCR, except in the case of inserts in the pGEM-T easy vector (Promega), which were amplified and sequenced with vector-specific M13 forward and M13 reverse primers (47) . Raw sequence chromatograms from both strands were assembled with Sequencher software version 4.0.5 (Gene Codes Corporation). Assembled contigs were used for DNA and protein similarity searches on GenBank databases performed with BlastN and BlastP programs of the National Center for Biotechnology Information website. 16S rRNA gene nucleotide sequences were aligned using ClustalW implemented in MEGA software version 3.1 (33) . Nucleotide sequences of aromatic dioxygenases were translated and aligned with the program functions available in the same software package. Phylogenetic trees were constructed using the neighbor-joining algorithm. Distances were generated using the Kimura matrix, and tree stability was supported through bootstrap analysis (100 replicates). Bootstrapped consensus of neighbor-joining trees was visualized with MEGA software.
Cloning and transformation in E. coli and Rhodococcus sp. The complete gene cluster comprising the dfdA1A2A3A4 genes was amplified from DNA from Rhodococcus sp. strain HA01 using the primers DfdPstF (5Ј-CACGACGACTG CAGCGGTGTGAT-3Ј) and DfdEcoR (5Ј-CTACTCTTCGAATTCCTGCGGC ATG-3Ј), which include artificial PstI and EcoRI restriction sites (shown underlined) and which annealed 240 bp upstream and 137 bp downstream, respectively, of the gene cluster. A 3-kb DNA fragment containing the gene region comprising the dbfA1A2 genes from Rhodococcus sp. strain HA01 was amplified using the forward primer DbfHindF (5Ј-TGACAGCGAAGCTTCAG TGATACC-3Ј) and reverse primer DbfEcoR (5Ј-GTACCGGGAATTCTCCA CCAGT-3Ј), which includes artificial HindIII and EcoRI restriction sites (shown underlined) for cloning in pUC119. For cloning in pRSG43, amplification was performed with forward primer DbfXbaF (5Ј-TGACAGCGTCTAGACAGTG ATACC-3Ј) instead of DbfHindF to introduce the necessary XbaI restriction site (shown underlined). After confirmation of the sequences, the fragments were cloned into the respective restriction sites of pUC119, giving pDFDE (containing the dfdA1A2A3A4 genes) and pDF32 (containing the dbfA1A2 genes), or cloned into respective restriction sites of pRSG43, giving pDFDR (containing the dfdA1A2A3A4 genes) and pDBFA12 (containing the dbfA1A2 genes). Vectors were introduced into E. coli JM109 competent cells (Promega) or electrocompetent cells of Rhodococcus sp. strain ATCC 12674.
Extraction of mRNA, cDNA synthesis, and RT-PCR. For gene expression studies, Rhodococcus sp. strain HA01 was grown on DBF (2 mM) as the sole carbon source. To assess constitutive expression, the strain was grown in parallel on fructose (2 mM). Cultures were harvested during exponential growth by centrifugation. Total RNA was isolated from 3 ml of DBF-or fructose-grown cells. In the case of DBF-grown cells, residual crystals of DBF were removed by filtration (595 1/2 filter paper; Schleicher & Schuell) before harvesting. Harvested cells were resuspended in 100 l water and immediately processed as previously described (59) . The RNA was subsequently purified using the RNeasy kit (Qiagen), and 2 l of the eluted RNA (60 l) was separated in 1% agarose gels and stained with ethidium bromide. The ratio between the total RNA content of DBF and fructose-grown cells was quantified by ImageQuant software (Molecular Dynamics) as 0.7:1.0. cDNA was synthesized from 1 l of total RNA using a first-strand cDNA synthesis kit for reverse transcriptase PCR (RT-PCR) (Roche, Mannheim, Germany). The reverse transcription reaction mixtures were serially diluted (3.2-fold) with nuclease-free water (Qiagen), and 1 l of each dilution was subjected to amplification by PCR using the primer set DfdRNAF (5Ј-CAACGTGTTCCCCAACTTCT-3Ј) and DfdRNAR (5Ј-GGTCGATTACC TCGGTCGTA-3Ј) to amplify a dfdA gene fragment and primer set DbfRNAF (5Ј-TCTACCGCAAGGAATTGGAC-3Ј) and DbfRNAR (5Ј-ATCCCGACGT CGTTCTGATA-3Ј) to amplify a dbfA gene fragment. Amplification products were separated on 1% agarose gels and stained with ethidium bromide. Product bands were purified from agarose gels using a QIAquick PCR purification kit (Qiagen) and sequenced to verify their identity. Nucleotide sequence accession numbers. The nucleotide sequences reported in this study are available under GenBank accession numbers EU622789 to EU622791.
RESULTS
Characterization of strain HA01. Analysis of the nearly complete 16S rRNA gene sequence (corresponding to positions 15 to 1494 according to the E. coli numbering system) revealed that the novel DBF-degrading isolate designated HA01 belongs to the genus Rhodococcus (Fig. 1) and is the most similar to the type strains of Rhodococcus rhodochrous, Rhodococcus pyridinivorans, and Rhodococcus sp. strain T104, which has previously been reported to grow on biphenyl as well as on terpenoids as the sole carbon and energy source (21) .
Growth of Rhodococcus sp. strain HA01 on DBF and transformation of substrate analogues. Rhodococcus sp. strain HA01 can utilize DBF as the sole carbon and energy source with a doubling time of 3 h, while neither DD, 2CDBF, nor 3CDBF could be used as a carbon source. Cells pregrown on DBF and having a turnover rate of 20.5 Ϯ U/g (dry weight) were able to remove DD, 2CDBF, and 3CDBF at rates of 1.8 Ϯ 0.1, 2.3 Ϯ 0.1, and 5.8 Ϯ 1.0 U/g (dry weight), respectively. Depletion of DBF by fructose-grown cells was negligible (Ͻ0.4 U/g [dry weight]), indicating that the enzymes involved in DBF degradation by strain HA01 are inducible.
The removal of both DBF and DD occurred without significant accumulation of intermediates. In the presence of 3-chlorocatechol (0.1 mM), which is known to be a strong inhibitor of extradiol dioxygenases (3, 54) , the intermediate accumulation of up to 20% of applied DBF (1 mM) as THB and up to 40% of applied DD as THBE indicated that the degradation is initiated by angular dioxygenation. However, 3-chlorocatecholmediated inactivation was not quantitative, and trihydroxybiphenyl metabolites were slowly transformed further. Accumulation of intermediates was observed during the transformation of both 2CDBF and 3CDBF. HPLC analysis revealed the accumulation of one major intermediate concomitant with the depletion of 3CDBF, which showed a retention behavior and an absorption spectrum identical with an authentic standard of 4-chlorosalicylate. The identity of the metabolite was further confirmed by HPLC-MS analysis (negative ionization mode), which showed a metabolite with a molecular ion at m/z 171 and 173 (ratio 3:1). Transformation to 4-chlorosalicylate was nearly stoichiometric (95% Ϯ 5% of applied 3CDBF accumulated as 4-chlorosalicylate). However, the culture supernatant during 3-CDBF depletion was yellow, which is indicative of the accumulation of an extradiol ring cleavage product. The yellow color was not depleted during further incubation, indicating that this compound might be a dead-end metabolite, probably formed by lateral dioxygenation of 3CDBF followed by dehydrogenation and ring cleavage. Spectrophotometric analysis of the culture supernatant after complete removal of 2 mM 3CDBF showed that the yellow product exhibited an absorption maximum at 455 nm (A 455 of Ͻ1) similar to the reported absorption maximum of the meta cleavage product of 1,2-dihydroxydibenzofuran (464 to 470 nm [49, 50] ).
HPLC analysis of the supernatants during the transformation of 2CDBF revealed the accumulation of two major metabolites. One of the metabolites was identified as 5-chlorosalicylate based on the identical retention behavior and UV spectrum compared with an authentic standard. Moreover, HPLC-MS analysis confirmed the identity of one metabolite as 5-chlorosalicylate. Quantification with an authentic standard revealed that 40% Ϯ 5% of the applied 2CDBF was transformed into 5-chlorosalicylate. HPLC-MS analysis indicated that the second metabolite has a negative molecular ion at m/z 235/237 corresponding to a parent compound, C 12 H 9 ClO 3 , that is either a chlorosubstituted trihydroxybiphenyl or a dihydrodiol of 2CDBF.
The structures of both metabolites were elucidated using in situ 1 H NMR spectroscopic analysis of a freshly prepared product mixture (Fig. 2) . This analysis showed the presence of two major metabolites, one of which was 5-chlorosalicylate. The three aromatic protons of this compound showed chemical shifts, ␦, at 6.96 (H-3), 7.45 (H-4), and 7.83 (H-6) ppm, respectively, with characteristic coupling constants of J (H-3/H-4) ϭ 9.0 Hz and J (H-4/H-6) ϭ 2.2 Hz.
The second metabolite possessed five aromatic or vinylic protons, exhibiting chemical shifts at ␦ ϭ 7.75 (H-A), 7.42 (H-B), 7.45 (H-C), 7.67 (H-D), and 6.99 (H-E) ppm, respectively. Although the signals of H-4 of 5-chlorosalicylate and of H-C of the second metabolite could not be separated, the integral clearly showed two distinct protons at 7.45 ppm. The presence of five aromatic or vinylic protons excludes the chlorosubstituted trihydroxybiphenyls (either 2,2Ј3-trihydroxy-5-chlorobiphenyl or 2,2Ј3-trihydroxy-5-chlorobiphenyl can be formed after angular dioxygenation), which harbor six aromatic protons and indicates the presence of a chlorosubstituted DBF dihydrodiol. As the metabolite contained at least four aromatic protons showing vicinal couplings (J ϭ 8 to 10 Hz) with at least one other proton, dioxygenolytic attack has occurred in the chlorosubstituted ring. Thus, the observed NMR data are compatible only with the structure of the metabolite as 2-chloro-3,4-dihydro-3,4-dihydroxydibenzofuran, with a singlet vinylic proton resonating at ␦ ϭ 6.99 ppm (H-E). Protons F and G (see the chemical structures in Fig. 2) , are expected to resonate at ␦ ϭ 4 to 4.5 ppm and are under the suppressed water signal. Comparison of the integrals of the resonance lines showed that in different preparations, the ratio in which these products have been formed (5-chlorosalicylate to 2-chloro-3,4-dihydro-3,4-dihydroxydibenzofuran) was al- There was no significant accumulation of any other metabolites. PCR amplification and characterization of genes encoding a Rieske nonheme iron oxygenase in Rhodococcus sp. strain HA01. As described above, strain HA01 showed a regioselectivity of attack on 2CDBF not previously reported. Hence, as only a few genes involved in the metabolism of DBF via angular dioxygenation have been described, we have attempted to identify the genes responsible for angular dioxygenation in strain HA01. Amplification using previously described RieskeF and RieskeR primers (28) resulted in the amplification of an 78-bp fragment. Sequence analysis revealed the presence of two different dioxygenase gene fragments. One of these fragments showed the highest nucleotide sequence identity (92%) to gene fragments encoding the Rieske clusters of benzoate dioxygenases. The second fragment was highly similar (99% identity) to a gene fragment encoding part of the ␣-subunit of the DfdA angular dioxygenase of Terrabacter sp. strain YK3 (GenBank/EMBL/DDBJ accession number AB075242).
As described in Materials and Methods, a 4.4-kb gene fragment was obtained which showed high similarity over the entire sequence with the dfdA1A2A3A4 gene cluster of Terrabacter sp. strain YK3 (22) . The predicted dfdA1 ␣-subunit sequence differed from that of Terrabacter sp. strain YK3 by two amino acids, whereas the predicted dfdA2 ␤-subunit sequences of strains YK3 and HA01 were identical. Three amino acid differences were observed between the DfdA3 ferredoxins, while the DfdA4 ferredoxin reductase of strain HA01 was five amino acids longer than that of strain YK3.
To investigate whether the identified dfdA genes are expressed in response to DBF, RT-PCR experiments were performed with total RNA extracted from Rhodococcus sp. strain HA01 growing on DBF or fructose. Amplification products of the expected size were observed in DBF-grown cells using the DfdRNAF and DfdRNAR primers targeting the ␣-subunit (DfdA1), whereas no product was detected with RNA extracted from fructose-grown cells (Fig. 3) . In addition, no amplification products were observed in controls devoid of reverse transcriptase or template cDNA (Fig. 3C) . Sequencing of the approximately 435-bp product confirmed that it was identical with the corresponding dfdA gene fragment from the genomic DNA of Rhodococcus sp. strain HA01 (Fig. 3C, lane  6) . The detection of transcripts in DBF-grown cells was possible in as little as 0.8 picogram of total RNA, whereas transcription of the gene was virtually absent in fructose-grown cells, indicating that gene transcripts are induced at least 10 6 -fold.
The complete gene cluster comprising the dfdA1A2A3A4 genes was amplified from DNA from Rhodococcus sp. strain HA01 by using primers DfdPstF and DfdEcoR, and the gene cluster was initially cloned into pUC119 to give pDFDE and introduced into E. coli JM109. However, as DBF transformation was absent in E. coli (data not shown), the dfdA1A2A3A4 genes were cloned into the pRSG43 shuttle vector to give pDFDR, and introduced into Rhodococcus sp. strain ATCC 12674, which was shown to be incapable of degrading DBF. Analysis of cell extracts by sodium dodecyl sulfate-polyacrylamide gel electrophoresis revealed the presence of a prominent band with a molecular mass of 51 Ϯ 2 kDa in cell extracts of Rhodococcus sp. strain ATCC 12674(pDFDR) independent of whether the strain was grown in the presence or absence of IPTG. This is in agreement with the expected molecular mass of the dfdA1 gene product (53 kDa).
While cells of Rhodococcus sp. strain ATCC 12674 (pRSG43) were not capable of DBF depletion and no metabolites were observed by HPLC analysis, cells of Rhodococcus sp. strain ATCC 12674(pDFDR) were capable of DBF removal at a rate of 0.49 Ϯ 0.05 U/g (dry weight). A single metabolite was observed, which cochromatographed with authentic THB and showed an identical UV absorption spectrum. Transformation of DBF into THB was stoichiometric, confirming that the dfdA1A2A3A4 genes from Rhodococcus sp. strain HA01 encode a functional angular dioxygenase.
Resting cells of Rhodococcus sp. strain ATCC 12674 (pDFDR) also converted 3CDBF into one product. As shown by HPLC analysis, 3CDBF was depleted at a rate of 0.14 Ϯ 0.02 U/g (dry weight). HPLC-MS indicated a chlorosubstituted metabolite, C 12 H 9 ClO 3, from the negative molecular ion at m/z 235/237. To exclude its identity to a dihydrodiol derivative and validate that it is a chlorosubstituted trihydroxybiphenyl, the reaction mixture was supplemented with DbfB, a 2,2Ј,3-trihydroxybiphenyl dioxygenase from S. wittichii RW1. The metabolite was transformed at rates similar in magnitude to that with THB as the substrate; hence, it can be assumed that it is 4-chloro-2,2Ј,3-trihydroxybiphenyl. Two metabolites were formed from DD, which was removed at a rate of 0.09 Ϯ 0.015 U/g (dry weight). One of the metabolites was identified as THBE by comparing its retention behavior and spectral characteristics with those of an authentic standard. THBE was the major metabolite formed, accounting for approximately 90% of transformed DD. The second metabolite, like THBE, displayed a negative molecular ion at m/z 217 and is probably identical to a DD dihydrodiol. In contrast, no conversions were observed when Rhodococcus sp. strain ATCC 12674(pRSG43) was used in experiments with DBF, 3CDBF, or DD as a substrate. Similarly, resting cells of Rhodococcus sp. strain ATCC 12674(pDFDR) did not transform 2CDBF.
PCR amplification and detection of a second angular dioxygenase in Rhodococcus sp. strain HA01. The above cloned and characterized DfdA DBF dioxygenase showed a substrate spectrum and regioselectivity, which does not explain the observed transformation by the wild-type HA01. To localize a proposed second angular dioxygenase in strain HA01, new degenerate primers Dxn1F and Dxn2R were designed (see Materials and Methods). PCRs using these primers with genomic DNA of Rhodococcus sp. strain HA01 amplified an approximately 700-bp fragment, the nucleotide sequence of which showed high similarity (98%) to the dbfA gene encoding the ␣-subunit of dibenzofuran dioxygenase of Terrabacter sp. strain DBF63 (GenBank/EMBL/DDBJ accession number AB054975) (28) . Using the strategy described in Materials and Methods, a 4,863-bp fragment was obtained and sequence analysis revealed the presence of five open reading frames. The deduced 443-amino-acid sequence encoded by dbfA1 showed high similarity (98.6% identity) with the ␣-subunit DbfA1 of the angular DBF dioxygenase from Terrabacter sp. strain DBF63 (accession number BAC75993). Similar identities were observed with the ␣-subunit of DBF dioxygenases of Rhodococcus sp. strain YK2 (accession number BAC00802; 98.9% identity) and Rhodococcus sp. strain DFA3 (accession number BAD51811; 98.3% identity); however, both of these sequences were incomplete and do not cover the entire ␣-subunits. The deduced amino acid sequence of the 167-amino-acid protein encoded by dbfA2, located downstream of dbfA1, showed 98.2% identity with both the ␤-subunit of the dibenzofuran dioxygenase (DbfA2) from Terrabacter sp. strain DBF63 (accession number BAC75994) and that from Rhodococcus sp. strain YK2 (accession number BAC00803). Similarly, the deduced amino acid sequence of the 319-amino-acid protein encoded by ORF3 located downstream of dbfA2 showed high similarity (98.4% identity) to putative meta cleavage compound hydrolases encoded downstream of the ␣-and ␤-subunits of DBF dioxygenase of Rhodococcus sp. strain YK2 and Terrabacter sp. strain DBF63. A similar protein was also reported to be encoded by the genome of Rhodococcus rhodochrous K37 (97.6% identity in a stretch of 126 amino acids analyzed) (51) . As with Rhodococcus sp. strain YK2, Terrabacter sp. strain DBF63, and Rhodococcus rhodochrous K37, the gene encoding a putative meta cleavage compound hydrolase (ORF3) was followed in Rhodococcus sp. strain HA01 by a gene encoding a putative extradiol dioxygenase (ORF4). This protein, however, does not belong to the type I (vicinal oxygen chelate superfamily) extradiol dioxygenases typically involved in the degradation of biphenyl and related compounds but to the type II extradiol dioxygenases, which include enzymes such as protocatechuate 4,5-dioxygenase (LigAB) from Pseudomonas paucimobilis (43) . The deduced amino acid sequence showed 99.3% identity with the respective proteins from Rhodococcus sp. strain YK2 and Rhodococcus rhodochrous K37 but only 94.3% identity with that from Terrabacter sp. strain DBF63. The deduced amino acid sequence of the 81-amino-acid protein encoded by ORF5 located downstream of ORF4 showed high similarity (98.7% identity) to the ferredoxin proteins of Rhodococcus sp. strain YK2 and Rhodococcus rhodochrous K37 but relatively low similarity (90%) with the ferredoxin gene of Rhodococcus sp. strain DFA3.
To verify whether the dbf genes are also expressed in response to DBF, RT-PCR experiments were performed with total RNA extracted from Rhodococcus sp. strain HA01 growing on DBF and fructose. RT-PCR amplification products of the expected 700-bp size were observed with 2.5 pg or more of RNA extracted from the culture grown on DBF (Fig. 4A, lanes  1 to 13) , whereas no product was detected with RNA extracted from the culture grown on fructose (Fig. 4B, lanes 1 to 13) , indicating that gene transcripts are induced at least 10 5 -fold. In addition, no amplification products were observed in controls devoid of reverse transcriptase (Fig. 4A and B, lanes 14 and 15) or template cDNA (Fig. 4A and B, lanes 16) . Sequencing of the approximately 700-bp product confirmed that it was identical to the corresponding dbfA1 gene fragment from genomic DNA of Rhodococcus sp. strain HA01. These results showed that the DbfA dioxygenase from Rhodococcus sp. strain HA01 is also specifically induced in the presence of DBF, and thus, at least two angular dioxygenases are simultaneously expressed when strain HA01 is confronted with DBF.
As dbfA1A2 from Terrabacter sp. strain DBF63 was previously cloned using pUC119 (pDF32) in E. coli JM109 and some activity against DBF was observed using this host (28), a 3-kb DNA fragment containing the gene region comprising the dbfA1A2 genes from Rhodococcus sp. strain HA01 was amplified, cloned into pUC119, giving plasmid pDBFA12a, and transformed into E. coli JM109. Resting cells of E. coli (pDBFA12a) (A 600 of 10) showed a low activity against DBF where after 18 h of incubation, approximately 2 M of THB was produced. Activity against all other substrates was below the detection limit.
Thus, the 3-kb DNA fragment was cloned into pRSG43, giving pDBFA12, and transformed into E. coli JM109. A prominent band at a molecular mass of approximately 49 kDa was observed in cell extracts of E. coli JM109(pDBFA12), which was absent in cell extracts of E. coli JM109(pRSG43). This is in agreement with the expected molecular mass of the dbfA1 gene product (49.5 kDa).
Resting cells of E. coli JM109(pDBFA12) transformed DBF and DD into single metabolites, and HPLC analysis revealed that these metabolites cochromatographed with authentic THB and THBE standards and possessed UV absorption spectra identical to those of the respective standards, indicating DBF and DD are dioxygenated exclusively at the angular positions. The metabolites were formed at rates of 0.5 Ϯ 0.1 mU/g (dry weight) and 0.25 Ϯ 0.07 mU/g (dry weight), respectively, which were significantly lower than those observed in experiments using Rhodococcus sp. strain ATCC 12674 (pDFDR). 2CDBF was transformed into a single product, which was not identical to either 5-chlorosalicylate or 2-chloro-3,4-dihydro-3,4-dihydroxydibenzofuran formed by Rhodococcus sp. strain RHA01. It is thus possible that the observed metabolite has the 5Ј-chloro-2,2Ј,3-trihydroxybiphenyl structure, which is further transformed into 5-chlorosalicylate in the HA01 strain. Product accumulation occurred at a rate of 0.14 Ϯ 0.04 mU/g (dry weight). No significant activity as evidenced by the absence of metabolite accumulation was observed with 3CDBF, even after extended incubation for 12 h. To evaluate whether higher activities could be obtained by expression in Rhodococcus, pDBFA12 was introduced into Rhodococcus sp. strain ATCC 12674. However, resting cells of Rhodococcus sp. strain ATCC 12674(pDBFA12) (A 600 of up to 20) did not show any detectable depletion of DBF, 3CDBF, 2CDBF or DD or any detectable product formation with incubations of up to 24 h.
DISCUSSION
Although the involvement of angular dioxygenases in the degradation pathways of DBF and its structural analogues has been studied for over 2 decades, there is only limited information on the diversity and distribution of such dioxygenases, their substrate range, and the regioselectivity of attack. In the present study, two angular dioxygenases were found in Rhodococcus sp. strain HA01, one of which (DbfA HA01 ) exhibits high similarity to DBF dioxygenase from Terrabacter sp. strain DBF63 (DbfA DBF63 ) (28) , while the other (DfdA HA01 ) exhibits high similarity with dibenzofuran dioxygenase DfDA from Terrabacter sp. strain YK3 (DfdA YK3 ) (22) . It has been previously suggested that enzymes similar to DfdA YK3 are distributed among DBF-degrading actinobacteria (22) , while enzymes similar to DbfA DBF63 have been recently reported in Rhodococcus strains, such as Rhodococcus sp. strain YK2 or DFA3 (44) .
The existence of multiple dioxygenase genes in a single bacterium has been reported previously and seems to be common in environmental strains. For example, the genome sequence of Rhodococcus sp. strain RHA1 revealed the presence of six ring-hydroxylating dioxygenases (40) . The presence of multiple Rieske nonheme iron oxygenases in Sphingomonas (2, 46) and Rhodococcus species may, at least in part, explain why these organisms are able to efficiently degrade a wide range of aromatic hydrocarbons. However, to our knowledge, the presence of two distinct angular dioxygenases in a single bacterium has not previously been reported. Both gene clusters were expressed by strain HA01 in response to DBF and encode functional enzymes, as revealed by their successful heterologous expression.
The capability of DfdA YK3 to transform DBF by angular attack has previously been reported (22) , although transformation of chlorinated derivatives was not assessed. Analysis of the substrate specificity and regioselectivity of attack of DfdA HA01 revealed that this enzyme, like DfdA YK3 , catalyzes exclusively an angular dioxygenation of DBF. Also, like DfdA YK3 , DD was preferentially subject to angular dioxygenation, although FIG. 4 . RT-PCR amplification of dbfA mRNA from Rhodococcus sp. strain HA01 grown on DBF (A) or fructose (B). M lanes contain the molecular size marker Hyperladder 1(Bioline). cDNA generated from 1 g template RNA was serially diluted (3.2-fold) with nuclease-free water, and 1 l of each dilution was subjected to amplification by PCR (lanes 1 to 13 some lateral dioxygenation was also observed. Interestingly, DfdA HA01 was capable of rapidly transforming 3CDBF into 4-chloro-2,2Ј,3-trihydroxybiphenyl (Fig. 5) . Previously, Harms et al. (19) showed that a mutant of Sphingomonas sp. strain HH69, defective in 2,3-dihydroxybiphenyl 1,2-dioxygenase, transforms 3CDBF into equal amounts of 4Ј-chloro-2,2Ј,3-trihydroxybiphenyl and 4-chloro-2,2Ј,3-trihydroxybiphenyl, indicating a nonselective attack of both the substituted and nonsubstituted aromatic nuclei of 3CDBF. Similarly, Wilkes et al. (55) reported that S. wittichii RW1 attacks both the substituted and nonsubstituted aromatic nuclei of 3CDBF that form after ring cleavage and hydrolysis, salicylate and 4-chlorosalicylate, respectively, a situation similar to that observed in Sphingomonas sp. strain RW16 (58) . Evidently, the transformation of 3CDBF by DfdA HA01 analyzed here is different (Fig. 5) , as it preferentially attacks the nonsubstituted aromatic nucleus of 3CDBF. Strain HA01 transforms 3CDBF almost stoichiometrically into 4-chlorosalicylate, as well as minor amounts of a yellow ring cleavage intermediate, which is presumably generated after lateral dioxygenation (Fig. 5) . The stability of the yellow intermediate accounts only for a minor portion of the formed products in strain HA01. This excludes its identity with a ring cleavage product formed from 4-chloro-2,2Ј,3-trihydroxybiphenyl or 4Ј-chloro-2,2Ј,3-trihydroxybiphenyl, as such compounds, like the situation in the THB ring cleavage product, are presumably highly unstable and should spontaneously rearrange to form 3-(chroman-4-on-2-yl)-pyruvates (19) . Evidently, DfdA HA01 is responsible for 3CDBF transformation by DBFgrown cells, although the lateral oxygenation indicates that a third oxygenase, besides DfdA HA01 and DbfA HA01 , is expressed during growth on DBF.
Heterologous expression of DbfA HA01 indicated that this enzyme is capable of 2CDBF transformation, whereas no detectable transformation of 3CDBF was observed, suggesting that both angular oxygenase systems have complementary substrate specificities. As described previously for DbfA DBF63 and CARDO angular dioxygenases of Pseudomonas resinovorans CA10 (16), angular dioxygenation occurred on the nonsubstituted aromatic nucleus, giving rise to 5Ј-chloro-2,2Ј,3-trihydroxybiphenyl, which contrasts with the situation in S. wittichii RW1 and Sphingomonas sp. strain RW16 where angular attack occurred both at the substituted and unsubstituted aromatic nuclei of 2CDBF, giving rise to the accumulation of both 5-chlorosalicylate and salicylate (55, 58) .
In contrast to the single product formed by DbfA HA01 , wildtype Rhodococcus sp. strain HA01 forms two distinct products originating from angular and lateral oxygenation which, as described above, is evidence for the expression of a third lateral oxygenase system during growth of the strain on DBF. Lateral oxygenation is observed quite often in a number of DBF-degrading organisms (26, 32, 41, 60) , but it is not observed when cloned angular dioxygenases are confronted with DBF (22, 28, 48, 53) . This suggests fortuitous expression of lateral oxygenases, as naphthalene dioxygenase in Rhodococcus opacus SAO101 (29) is common in DBF-degrading organisms. However, the extent to which substrates are misrouted by lateral dioxygenation will depend on the relative expression levels and affinities of the expressed enzymes toward their respective substrates. In Rhodococcus sp. strain HA01, the expression of two angular dioxygenase systems during growth on DBF evidently prevents lateral oxygenation of this substrate. In contrast, chlorinated derivatives are subject to lateral oxygenation. The current observation of two specifically expressed angular oxygenases in a single host also shows that studies using wild-type organisms to reveal substrate specificities of angular dioxygenases have to be considered with care.
The presence and expression of two different angular dioxy- genases in Rhodococcus sp. strain HA01 prevent significant substrate misrouting from DBF, although they do not allow mineralization of DD. Interestingly, various DBF-degrading strains, such as Janibacter sp. strain YY-1 (60), Janibacter sp. strain YA (25) , Terrabacter sp. strain DBF63 (41) , and Sphingomonas sp. strain HH69 (20) , are also not able to mineralize DD, although it is believed that both DBF and DD are degraded by similar pathways (57) . Information on the reasons for the failure of DBF-mineralizing strains to mineralize DD is scarce. Harms et al. (20) reported that Sphingomonas sp. strain HH69 transforms DD into a 2-phenoxy derivative of muconate, indicating that extradiol ring cleavage of intermediate THBE is a crucial step. Rhodococcus sp. strain HA01 cannot grow on DD as a carbon source, but DBF-grown cells do transform DD, at a rate Ͻ10% that observed for DBF as a substrate, without significant accumulation of intermediates. This indicates that the initial angular attack is one limiting factor in DD degradation by this strain. However, the possibility that additional factors are responsible for the failure of the strain to degrade DD cannot be excluded.
While pDBFR, used in the current study for heterologous expression, encodes the electron transport chain (dfdA3A4) of DfdA HA01 in addition to the terminal oxygenase component (dfdA1A2), pDBFA12 encodes only the terminal oxygenase (dbfA1A2) of DbfA HA01 . Despite this lack of a primary electron transport chain, E. coli cells harboring pDBFA12 were capable of angular dioxygenation of DBF, indicating the recruitment of host components for electron transport. Thus far, there are various examples showing that electron transport to terminal oxygenases can be achieved by components derived from E. coli host cells (28, 34, 38) . However, as previously reported for DbfA DBF63 (28) , the observed activity was rather weak and significantly lower than that of heterologously expressed DfdA HA01 . Expression of DbfA HA01 in Rhodococcus sp. strain ATCC 12674 failed, suggesting that the electron transport components of this strain could not be recruited. It has been reported that a ferredoxin encoded downstream of the dbfA1A2 genes of Terrabacter sp. strain DBF63 can transfer electrons to the terminal oxygenase and that ferredoxin reductase of phthalate dioxygenase, encoded upstream of dbfA1A2, can complement an effective electron transport chain (17, 52) . As the respective gene organization in Rhodococcus sp. strain HA01 is similar to that in Terrabacter sp. strain DBF63, a functional DbfA angular oxygenase may also be formed in strain HA01. However, the possibility that DfdA3A4 fulfills such a function in strain HA01 remains to be elucidated.
